of biochemical recurrence than those with high p-FADD and low hTERT expression (p ! 0.001). Conclusions: The phosphorylation status of FADD at serine 194 could strongly affect survival and invasion of prostate cancer cells via modulation of hTERT expression and telomerase activity. p-FADD and hTERT expression may have potential as new biomarkers predicting the biochemical recurrence after NHT.
controversial whether NHT before radical prostatectomy is useful for cancer control. Moreover, we have no biological markers to assess the malignant potential of viable cancer cells (so-called hormone-resistant cells) following NHT to predict cancer progression. Unfortunately, morphological assessment of the therapeutic effects using radical prostatectomy specimens does not significantly correlate with the biochemical recurrence rate.
The Fas-associated death domain-containing protein (FADD) was originally identified as an adapter molecule for Fas-mediated apoptosis [3, 4] , and it is now well known to play an important role in the formation of the deathinducing signaling complex following Fas stimulation [5] . Recent reports have shown that FADD is exclusively phosphorylated at the C-terminal serine 194, specifically at the G2/M cell cycle arrest, suggesting a close association with cell cycle regulation [6] . FADD is phosphorylated at serine 194, which is implicated in cell cycle progression but not associated with the sensitivity to Fas-mediated apoptosis. Analysis of FADD mutant null mice revealed that FADD also plays a role in embryonic development, cell cycle control and proliferation of lymphoid cells [7, 8] . Moreover, we have demonstrated that the phosphorylated FADD (p-FADD) is highly expressed in prostate cancer cells of lower Gleason score using prostatectomy samples without NHT [9] . Taken together, FADD phosphorylation could lead to suppression of prostate cancer progression. However, the biological role of the dephosphorylated FADD in prostate cancer cells has not been identified yet. Moreover, it remains unclear whether the phosphorylation status of FADD is modified in response to NHT or not. We focused on human telomerase reverse transcriptase (hTERT), which is involved in cancer growth [10] , as the downstream molecule of the dephosphorylated FADD.
In this study, we investigated whether the phosphorylation status and hTERT expression in cancer cells could be useful biomarkers to estimate the malignant potential and to predict the prognosis of human prostate cancers, and moreover, whether these molecules might be the best therapeutic targets.
Materials and Methods
Cell Culture, Plasmids and Chemicals Human prostate cancer cell lines (PC-3) were purchased from American Type Culture Collection (Manassas, Va., USA) and cultured in RPMI supplemented with 10% fetal bovine serum. FLAGtagged human FADD and mutant FADD: S194 ] A (dephosphorylation-mimicking form) and S194 ] D (phosphorylation-mimicking form) were prepared as described previously [11] . Anti-wild-type FADD (WT-FADD) was purchased from BD Pharmingen (Tokyo, Japan); anti-p-FADD at S194 from Cell Signaling (Beverly, Mass., USA) and anti-hTERT from Santa Cruz Biotechnology (Santa Cruz, Calif., USA).
Reverse Transcription-Polymerase Chain Reaction RNA was extracted with Trizol reagent and subjected to reverse transcription-polymerase chain reaction (RT-PCR) using the onestep RT-PCR kit (Qiagen, Tokyo, Japan) according to the manufacturer's protocol. The PCR condition was at 94 ° C for 1 min, at 59 ° C (hTERT)/60 ° C (GAPDH) for 30 s and at 72 ° C for 1 min, for 35 cycles. Human specific primers, which we designed using the Primer Quest program, were purchased from IDT (Coralville, Iowa, USA). hTERT-F, 5 -CTACTCCTCAGGCGACAAGG-3 ; hTERT-R, 5 -TGGAACCCAGAAAGATGGTC-3 ; glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-F, 5 -ACCACAGTC-CATGCCATCAC-3 , and GAPDH-R, 5 -TCCACCACCCTGTT-GCTGTA-3 were used. The PCR products were analyzed on 1.5% agarose gel and visualized by ethidium bromide staining.
Telomeric Repeat Amplification Protocol Assay
The cells were homogenized in lysis buffer and 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate, and incubated on ice for 30 min. The cell lysate was clarified by centrifugation at 14,000 g for 20 min at 4 ° C, and the supernatants were freshly frozen at -80 ° C. Telomerase activity was determined using the TRAP-eze telomerase detection kit S7700 kit (Chemicon International, Temecula, Calif., USA). The gel was stained with silver using Ezstain Silver (Atto, Tokyo, Japan).
Chick Chorioallantoic Membrane Assay
In vivo cancer cell invasion and intravasation assays were carried out using 11-day-old chick embryos wherein 10 6 cancer cells transfected with the green fluorescent protein (GFP)-encoding vector pEGFP (Clontech, Palo Alto, Calif., USA) with FLAGtagged human FADD and mutant FADD (S194A FADD and S194D FADD). After 24-hour culture, the cells were seeded on the chorioallantoic membrane (CAM) for 3 days [12] . After collection of the CAM samples, the tissues were fixed and stained with anti-GFP. Thereafter, the number of invading cancer cells positive for GFP was counted in three or more randomly selected fields. At least three CAMs were used in each experiment.
Cell Viability Assay
The cells were cultured in a medium containing fetal bovine serum for 4 days. After incubation, MTT [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfonyl)-2H tetrazolium, inner salt] reagent (Promega, Tokyo, Japan) was added, and optical absorbance at 490 nm was measured every day using a microplate reader [11] .
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Assay
We detected DNA cleavage, a characteristic of apoptosis, using the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay, as directed by the manufacturer (GenScript, Piscataway, N.J., USA). Images of nuclear fluorescence typical of apoptotic cells were taken by fluorescence microscopy as previously described, examining at least 600 cells p-FADD and hTERT Expression in Prostate Cancer from three different fields in each experiment; cell death was expressed as percentage of the TUNEL-positive cells [13] .
Patients and Treatment
We used tissue specimens from 50 patients considered as noneffective cases of NHT who underwent radical prostatectomy following NHT between 1997 and 2004 at our hospital. 'Non-effective' case means that almost all cancer cells were viable or less than one half of cancer cells were non-viable. The patients' age ranged from 53 to 75 (median: 70.5) years. The median prostatespecific antigen (PSA) level at biopsy was 13.95 ng/ml (range: 6.0-36.3 ng/ml; Tandem-R assay). NHT consisted of maximum androgen blockade with a luteinizing hormone-releasing hormone agonist either alone (8 patients/16%) or combined with an antiandrogen agent (42 patients/84%) The median NHT duration was 6.6 (range: 4-12) months. All patients underwent serum PSA testing at least every 3 months after surgery. A PSA level 6 0.2 ng/ml after surgery was defined as biochemical recurrence. The median follow-up period after radical prostatectomy was 45.7 (range: 17-102) months. The Human Ethics Review Committee of Nara Medical University approved the study protocol. The PSA levels at diagnosis, the Gleason score at biopsy and the clinical T stage are shown in table 1 .
Immunohistochemistry
The sections were incubated for 16 h at 4 ° C, and the reactions were visualized using a Histofine SAB-PO kit and diaminobenzidine as chromogen (Nichirei, Tokyo, Japan), with hematoxylin counterstaining.
Statistical Analysis
Fisher's exact probability tests were used for the assessment in the proliferation assay and the clinical parameters of biochemical recurrence. Wilcoxon signed-rank tests were used to evaluate the invading cancer cell numbers of mutant FADD and the relationship between the percentages of p-FADD-positive cells and the intensity of hTERT expression. Kaplan-Meier survival curves and log-rank tests were used for survival analysis of biochemical recurrence. The results were considered significant if p ! 0.05.
Results

Phosphorylation Status of FADD at S194 Correlates with hTERT Expression and Telomerase Activity
To clarify the effect of the dephosphorylated form of FADD on telomerase activity, we constructed PC-3 cells stably overexpressing FLAG-tagged plasmids encoding the wild-type and mutant form of FADD, in which serine 194 was replaced by alanine (S194A, mimicking dephosphorylated FADD) or glutamate (S194D, mimicking p-FADD). Among several clones resistant to hygromycin B, we selected a single clone fully expressing the wildtype or mutant forms of FADD, as determined by immunoblotting using anti-FLAG antibody ( fig. 1 A) . The level of expression of hTERT mRNA and protein was minimal in the control clone (expressing hygromycin-B-resistant gene only), but it was greatly increased by overexpression of the wild-type or S194A FADD, resulting in enhancement of the telomerase activity in PC3 cells ( fig. 1 B, C) . In the clones overexpressing S194D FADD, both hTERT expression and telomerase activity were not significantly changed, indicating that the dephosphorylated form of FADD might play an essential role in the telomerase activity through inducing hTERT in prostate cancer cells.
Phosphorylation Status of FADD at S194 Regulates Prostate Cancer Proliferation, Invasion and Sensitivity to Anti-Cancer Agents
Next, we examined the effects of the phosphorylation status of FADD at serine 194 on cell proliferation by MTT assay. As shown in figure 2 A, the cell number increased to the same extent within the 48-hour incubation in the controls and clones expressing the wild-type and mutant form of FADD. However, thereafter, the proliferation rate of cells was much more increased in the clones expressing the wild-type or S194A FADD than in those with S194D FADD expression or the control. Finally, the effects of FADD phosphorylation on cancer invasion were analyzed using the in vivo CAM assay. The cells were transfected with vector encoding GFP for 12 h, and then implanted on CAM. After 5 days, the membranes were extracted and the invasion capacity was assessed by examining the number of GFP-pos- fig. 2 B) . The invading cell numbers were significantly increased by the wild-type or S194A FADD overexpression but not by S194D FADD ( fig. 2 C) . When we obtained graft samples on day 3 after implantation, the numbers of invading cells were not significantly different among these clones, being consistent with the results of the in vitro MTT assay (data not shown). Taken together, the dephosphorylated form of FADD could enhance cell growth and invasion capacity in human prostate cancer cells. In addition, we examined the sensitivity of anti-cancer agents in the clone overexpressing empty vector, WT-FADD, S194A and S194D using TUNEL staining. The sensitivities of PC3 cells to cisplatin and etoposide were greatly increased by overexpression of the wild-type and S194D FADD. Moreover, the sensitivities to cisplatin and etoposide in the clones expressing S194D FADD were higher than in the wild type. In contrast, in the clones overexpressing S194A FADD, the sensitivities to cisplatin and etoposide were not significantly changed, indicating that the phosphorylated form of FADD might induce the susceptibility to anti-cancer agents ( fig. 2 D) . Nonetheless, the dephosphorylated FADD did not reduce the susceptibility to anti-cancer agents because PC-3 is originally less sensitive to the anti-cancer agents. To clarify the induction of apoptosis by FADD transfection, we examined the apoptotic status by TUNEL staining. The transfection of FADD induced apoptosis, but the rates of apoptosis were only minimal. Besides, induction of apoptosis was not significantly different between the clones expressing WT-FADD, S194A FADD and S194D FADD (data not shown).
Expression of Phosphorylated FADD/hTERT in Prostate Cancer Cells and Biochemical Recurrence following NHT
FADD, p-FADD and hTERT expressions were immunohistochemically analyzed using radical prostatectomy samples following NHT. As shown in figure 3 A, FADD was equally expressed in the cases with and without biochemical recurrence. Nevertheless, p-FADD expression at serine 194 was increased in cancer cells without recurrence. Phosphorylated FADD expression was considered positive when 1 15% (median level in all specimens) of the cancer cells showed positive immunostaining. As demonstrated in figure 3 B, Kaplan-Meier analysis showed that the biochemical recurrence-free survival rate of the p-FADD-positive cases was significantly higher than that of the -negative cases (p ! 0.001). PC-3 cells were transfected with the hygromycin B resistance gene with a FLAG-tagged vector encoding S194A and S194D mutant FADD and WT-FADD. A Whole lysates overexpressing A194, D194 and WT were examined by Western blotting using anti-FADD and anti-actin antibodies. B RNA was extracted, and RT-PCR assays were done to detect hTERT mRNAs. Whole lysates were examined by Western blotting using anti-TERT and anti-actin antibodies. C Cell pellets were collected and subjected to TRAP assay. In contrast to the p-FADD, hTERT was not or little expressed in the cancer cells without recurrence, whereas it was highly expressed in those with biochemical recurrence ( fig. 4 A) . In the present study, the intensity of immunostaining of hTERT was divided into three levels (mild, moderate and strong), and it closely correlated with protein expression levels assessed by immunoblotting ( fig. 4 B) . Furthermore, the biochemical recurrencefree survival rate of the patients with low levels of hTERT was significantly greater than in those with high-level expression (p ! 0.001; fig. 4 
p-FADD and hTERT Expression in Prostate Cancer
Discussion
We have already demonstrated that transition from dephosphorylation to phosphorylation of FADD at serine 194 could lead to cell cycle arrest and growth suppression in human prostate and breast cancer cells [9] . However, the biological roles of dephosphorylated FADD in prostate cancer cells have not been investigated yet. In our present in vitro experiments using the wild-type or phosphorylation-/dephosphorylation-mimicking mutant forms of FADD and human prostate cancer cell lines, we clearly demonstrated for the first time that the dephosphorylated FADD significantly enhanced cancer cell growth through inducing hTERT expression. Telomerase is a ribonucleoprotein enzyme with specialized reverse transcriptase activity that catalyzes the synthesis and extension of telomeric DNA [14, 15] . The telomerase complex is composed of the catalytic subunit reverse transcriptase protein hTERT [16] , the telomerase RNA template subunit, hTR [17] and other associated proteins [18] . Telomerase activity is typically absent in most normal human cells, but it is expressed in nearly all human cancer cells. Besides, a strong correlation is observed between hTERT mRNA expression and telomerase activity in various epithelial cancers indicating that hTERT may be mostly transcriptionally regulated [19] . The activity of telomerase, hTERT induction and cancer cell proliferation were accelerated by overexpression of the wildtype and dephosphorylated mutant FADD. Moreover, it was more prominent in cases showing overexpression of the dephosphorylated mutant FADD (S194A) but not the phosphorylated mutant FADD (S194D). Similar results were also observed regarding the invasion capacity as follows: the invading cell number of the prostate cancer cell line was significantly increased compared with the wild-type and dephosphorylated FADD, but not by the p-FADD. These FADD-mediated effects on cell proliferation and invasion were strongly suppressed by silencing of hTERT by siRNA transfection (data not shown). hTERT induction and its dependent increase in telomerase activity are considered to be mainly involved in the mechanisms. To verify this hypothesis, we examined several molecules associated with invasion or migration, including matrix metalloproteinases 2 and 9, and urokinase-type plasminogen activator, but the protein/mRNA levels or gelatinolytic activity was not significantly changed by FADD overexpression. In addition, the fold increase in cell proliferation by FADD transfection was almost similar to that of the invading cell number ( fig. 2 A, C) . Therefore, FADD status-mediated enhancement of cancer invasion is closely dependent on the in- hTERT expression in prostate cancer cells. A The specimens were obtained from patients undergoing radical prostatectomy following NHT with ( a ) and without biochemical recurrence ( b ). They were stained with anti-TERT antibodies. ! 100. B Immunohistochemical staining intensity of hTERT was divided into three levels (mild, moderate and strong). Immunoblotting analysis of TERT protein expression in the specimens from the patients undergoing radical prostatectomy and NHT. C KaplanMeier biochemical recurrence-free survival curve according to the hTERT expression (log-rank test: p ! 0.001).
crease in cell growth. FADD is a well-known key molecule that mediates apoptosis induction by Fas, tumor necrosis factor (TNF) or TNF-related apoptosis-inducing ligands, and the cells lacking FADD show resistance to receptor-mediated cell death [20] . In contrast, Chen et al. [21] have recently provided evidence for a strong correlation between overexpression of FADD mRNA and protein in human lung adenocarcinomas and a poor clinical outcome. Furthermore, Amit et al. [22] demonstrated that FADD could induce NF-B, which plays a central role in tumor development, progression and therapy. Taken together, FADD and the dependent signals have suppressive and promotive effects on human cancer [23] . In contrast to our present data, Chen et al. [21] indicated that the phosphorylated form of FADD induces NF-B, perturbs the cell cycle and is associated with progression of the biological behavior of lung adenocarcinomas. A recent study on acute myeloid leukemia has shown that the absence or low expression of FADD protein is a poor prognostic factor [24] . These contradictory results might be due to cell-type-specific aberrations in dichotomous FADD-mediated pathways that regulate both cell growth and apoptosis. Studies using immunohistochemistry and subcellular fractionation analysis revealed that FADD is a predominantly nuclear protein in many cell lines [25, 26] . Our present results showed that the phosphorylated form of FADD was localized in the nucleus, whereas FADD was localized in both the cytoplasm and nucleus ( fig. 3 A) . Consequently, we speculate there are key proteins localized in the cytoplasmic fraction that can interact with the dephosphorylated FADD and translocate into the nucleus followed by acceleration of hTERT transcription. As we still have no conclusive evidence, this issue should be further evaluated. We found no mutation at serine194 in prostate cancer specimens in the present study (data not shown). Therefore, transition from dephosphorylation to phosphorylation might be the best target for a useful cancer therapy. Taxanes are reportedly one of the candidates that can successfully phosphorylate FADD at serine194 [9, 27] . Since taxanes including docetaxel are useful anti-cancer drugs for prostate cancer and are currently used worldwide [28, 29] , FADD phosphorylation can be a biomarker to evaluate the therapeutic outcome.
A more important finding in the present study is that the p-FADD at serine 194 and hTERT expression are available biomarkers to predict the biochemical recurrence following neoadjuvant androgen withdrawal therapy. Increased positive percentage for the p-FADD and low expression of hTERT are significantly associated with a good prognosis following NHT. Furthermore, there was a strong correlation between the percentages of positive cells for p-FADD and the intensity of hTERT, and this is consistent with our analyses in vitro and in vivo. The prostate cancer cells used in the immunohistochemical analysis were all morphologically determined as 'viable' cells, and therefore, these biomarkers can estimate the clinical effects of NHT independently from the morphological or pathological assessment.
To date, there are no useful tools to analyze the therapeutic effects using radical prostatectomy samples following NHT other than the pathological methods. However, it is well known that the morphological analysis tends to lack reproducibility and reliability, because due to marked degeneration of the remaining cancer cells, we cannot accurately assess whether the cells have low or high malignant potential or no malignancy by pathological examinations only. In fact, we have encountered cases with good outcome although the pathological assessment showed poor response to NHT. From the present data, the positivity for the p-FADD and hTERT could be a novel marker to determine whether the therapeutic response is good or not. In our previous report, WT-FADD expression in both normal prostate epithelial cells and cancer cells was not significantly different [9] . The present study showed that the expression of WT-FADD in a patient with biochemical recurrence was equal to that in recurrence-free cases. Thus, we suggested that dephosphorylated FADD could enhance hTERT expression of prostate cancer following NHT. Furthermore, induction of dephosphorylated FADD to p-FADD, i.e. reduction of the dephosphorylated FADD by NHT, might improve the therapeutic benefit. On the other hand, no induction of p-FADD by NHT was associated with a poor prognosis. In addition, p-FADD enhanced the sensitivity to anti-cancer agents, but dephosphorylated FADD did not change it ( fig. 2 D) . We found that FADD phosphorylation at Ser194 was associated with paclitaxel-induced upregulation of MEK kinase 1 expression and enhancement of the downstream c-jun NH2-terminal kinase (JNK) pathway by which prostate cancer cells were highly sensitized to apoptosis by etoposide or cisplatin. We speculated that the enhancement of TERT modulating the dephosphorylated FADD could implicate inhibition of JNK activation or inhibition of the JNK induction of apoptosis.
The initial purpose of this study was to determine a useful predictor of biochemical recurrence in patients who underwent radical prostatectomy with NHT. A decade ago, lots of patients received NHT prior to radical prostatectomy. Indeed, 48.5% of patients had NHT at our institute between 1997 and 2004. Nowadays, most patients who undergo radical prostatectomy are hormone naïve. Therefore, an additional study similar to this one is currently being conducted on hormone-naïve patients who underwent radical prostatectomy.
In summary, the transition from the p-FADD to the dephosphorylated form of FADD induced the activation of telomerase through hTERT transcriptional activity. Moreover, p-FADD and hTERT expression have potential as new biomarkers to predict the rate of biochemical recurrence in patients undergoing radical prostatectomy following NHT.
